This paper presents the design of a 3-coil reluctance launcher system and realization of an experimental prototype. A Maxwell model of the system was constructed and finite elements analysis (FEA) was applied before building the experimental prototype. The effect of variations in projectile parameters (such as material and length of the projectile) on projectile velocity was studied using the model. Then the experimental prototype of the launcher system was built. A velocity measurement system was also designed and implemented to measure the muzzle velocity of the launched projectiles. A total of 9 projectiles of 3 different sizes made of 3 different materials were constructed to be launched by the system. Each projectile was launched via capacitors charged with DC voltage between 50 and 200 V and the muzzle velocities were measured. Finally, the effects of projectile material and projectile length on muzzle velocity and launcher efficiency were examined. In this study, an easy-to-use, low-cost, portable, and structurally simple reluctance launcher that can be operated in relatively low voltage levels was implemented. Theoretical and experimental results were compared and it is concluded that the results are consistent with each other.
Introduction
In recent years, there has been an important increase in studies on electromagnetic launchers. Electromagnetic launchers can be used in many different areas such as military, space, air, sea, and industrial applications [1] . The structure and operation of electromagnetic launchers are similar to those of linear motors except railguns. Linear motors are used in high speed transportation systems, electric hammers, electrochemical pumps, and many electromechanical systems [2] . It can be used in linear motors, elevators, self-opening doors etc. [3] , and it can also be used to change railway channels [4] . Electromagnetic launchers can be examined in two main categories according to their operation style. These are electromagnetic railguns and electromagnetic coilguns [5] . Electromagnetic railguns consist of two parallel rails, a conductor that contacts with the rails and provides the current flow between two rails, and a projectile to be launched. The current loop is completed by means of a conductor that can move between the rails [6] . Because this conductor is inside a magnetic field, a force is induced on it. Then the conductor fastens and launches the projectile in front of it. When compared to an electromagnetic coilgun, an electromagnetic railgun has a higher projectile speed and it is more efficient, but the required current is very high [7] . Electromagnetic coilguns consist of a coil wound on an empty cylinder, and a projectile [8] . In electromagnetic coilguns, there is almost no friction between the barrel and the projectile. Thus the acceleration system is not harmed [9] . Electromagnetic coilguns can be studied in two main categories according to their operation principles. These are induction launchers and reluctance launchers. In induction launchers, the nonmagnetic projectile is fastened and launched by pushing it with the use of the magnetic field on the coil. The induction launcher is related to the eddy currents induced on the core [10] . The induction launcher uses the Lorentz force to fasten the projectile with a conducting armature [11] . The reluctance launcher has the same operation principle with reluctance motors [12] . In the reluctance launcher the ferromagnetic projectile is out of the coil and is pulled to the middle of the coil using the magnetic field; it is not pushed. When compared to the induction launcher, its efficiency is better and launching can be satisfied in smaller currents [13] .
It is difficult to evaluate the performances of reluctance launchers due to the nonlinearity of B-H characteristics of the ferromagnetic materials. Finite element analysis (FEA) can be used for this purpose. FEA is a numerical analysis method that is successfully used in the analysis of engineering problems that cannot be solved or are difficult to solve by using classical methods. Therefore, 2D and 3D FEA have been used to evaluate the performance of reluctance launchers in earlier studies [10, 14, 15] . In this study, 2D FEA is used to analyze the proposed launcher system.
Structure of a reluctance launcher
A simple reluctance launcher with one winding has three parts as given below:
1. Barrel: An empty, nonmagnetic pipe, 2. Winding (Coil): A winding wound around the barrel (stator winding), 3 . Core (Projectile): A ferromagnetic, cylindrical simple core to be launched.
Parts of a reluctance launcher are shown in Figure 1 . When a current flows through the winding, a magnetic field occurs around the winding as shown in Figure 1 . When a ferromagnetic core exists inside the barrel and close to the winding, magnetic flux will try to complete its loop on the core because the permeability of the core is much more than that of the air. As a result, the magnetic flux applies a force to the core to reduce the reluctance of the environment and moves it to the center of the winding [1] . A reluctance launcher is actually an electromechanical converter where the electrical energy of the electrical source is converted to magnetic and mechanical energy as given in Eq. (1) .
where dWe, dWm, and dWf are the rise in electrical energy (except the lost energy) transferred to the system, the energy converted to mechanical energy, and the energy stored in the magnetic field during a time interval of dt, respectively.
While some of the electrical energy is stored in the magnetic field, some of it is converted to mechanical energy if the losses are ignored.
If the movement is at the constant current conditions, the mechanical work done is the increase in the coenergy. Therefore,
can be written.
The coenergy is the area between the current-axis and the trajectory at the flux linkage-current characteristic trajectory and is given as below:
where i and λ are the current applied to the winding and the flux linkage occurring at the winding, respectively. Flux linkage-current characteristics can be written as follows for the linear condition:
where L(x) is the inductance of the winding. From (3) and (4) coenergy can be given as for the linear system.
If the force causes the projectile to displace as much as dx is f m ,
can be written. As a result, the force is given by using (5) and (6) as below [16] .
The magnetic field occurring at the winding moves the core through the center of the winding as shown in Figure 1 . Reluctance launchers work according to the principle of pulling the core to the center of the winding and the core is not pushed [17] . When the core is at the center, the energy of the winding must be cut off and the energy inside should be damped in the shortest time. Otherwise, the core cannot be launched or is slowly launched because the core will again be pulled to the center of the winding. This is the most critical point in the design of the reluctance launcher. Therefore, a sensor is necessary, which perceives that the core has come to the center of the winding.
If the reluctance launcher consists of more than one winding, each winding affects the core when it is energized. In this system, the critical point is the timing. When the core approaches the next winding, then that winding should be energized and the energy should be cut off when it comes to the center of the winding and the energy of the winding should be damped at the shortest time. The efficiency of the reluctance launcher depends on the timing of the current flowing through the windings and timing of the damping of the energy at the windings.
The timing of applying and cutting off the energy can be realized by placing an optical receivertransmitter pair at the entrance of the winding as shown in Figure 2 .
Opt cal sensor pa r The reluctance launcher operation is similar to that of the reluctance motor. Reluctance can be defined as the resistance against magnetic field and is expressed as follows [1] :
where l : length of the magnetic path (m) In the reluctance coilgun, almost all of the reluctance is observed at the air gap between the projectile and the driving coil. Here air gap g is two times the existing gap ( l = 2g) , because the flux lines pass through this gap twice. When the projectile reaches the center of the coil, area A will be equal to half of the cylindrical plane with a diameter of d and a length of p (πdp/2). Then Eq. (8) is as follows:
where g : air gap between the projectile and the coil The projectile moves through the center of the coil where reluctance is minimum. The force applied to the projectile by the coil can be determined using the classical electromagnetic theory [12] . Let us assume that a projectile with constant permeability is put along the spiral axis of a very long coil. To calculate the force applied to the projectile, we need to calculate the difference in the system energy when the projectile moves ∆x. Then the difference in the system energy is expressed in Eq. (10).
The force generated by the reluctance launcher is defined by Eq. (6) . Finally the acceleration of the projectile is given by Eq. (11).
where N: number of coil turns I: current flowing through the coil A: cross-sectional area of the coil M: mass of the projectile l : length of the coil According to Eq. (11), acceleration of the projectile is directly proportional to the projectile's relative permeability, square of the current flowing through the coil, and cross-sectional area of the coil, whereas it is reversely proportional to the mass of the projectile and square of the length of the projectile.
To calculate the magnetic field inside the coil, let us consider an N -turns coil of length l and radius a with a current of I flowing through it as shown in Figure 3 . To determine the magnetic flux density on a point P that lies on the coil-axis, first we need to write the expression of magnetic field H at a distance of z from the center of a ring having a radius of a [18] .
Here I ′ is the current flowing through the ring. If we assume a small coil-length dz as an equivalent ring having ndz turns and carrying a current of I ′ = Indz , then the field induced at point P is as follows:
Total magnetic field B at point P is calculated by summing all the contributions from the entire coil. Then B at point P is defined by Eq. (14) .
3. FEA of the reluctance launcher system FEA of the proposed single-winding launcher system is realized by using Ansys Maxwell software. A twodimensional cylindrical z-axis is chosen in the model analysis and a geometry that belongs to this axis is built.
To reach the fastest projectile velocity, materials of the projectiles and their lengths have been changed for the analysis. 2D and 3D models of the system are shown in Figures 4 and 5 , respectively. Projectiles having a diameter of 12.5 mm and length between 1 and 10 cm constructed from 3 different materials (AISI1020, AISI1050, and AISI12L14) were analyzed in terms of the projectile velocity. The results are shown in Table 1 . Figure 6 shows the velocities according to projectile length. In terms of the projectile material, the maximum velocity is achieved using projectiles built from 1050 material, then comes the projectiles built from 12L14, and the minimum velocity is achieved using projectiles built from 1020. In terms of projectile length, all projectiles built with different materials reach the maximum velocity at 4 cm length. The projectile velocity decreases as the projectile length increases. The maximum velocity is 19.86 m/s using the constructed model. This value is obtained with a 4-cm length projectile built from 1050 material.
Maximum velocity becomes 19.86 m/s within 9.6 ms as shown in Figure 7 . When the projectile reaches the maximum velocity, the winding energy should be cut off. Otherwise the projectile will slow down and then the winding will pull it to its center again. This situation is shown for the position of the projectile and the force applied to the projectile in Figures 8 and 9 , respectively. The projectile got out of the sensors when it reached its maximum speed and the energy in the windings should be damped quickly. Otherwise, the projectile will be pulled back as shown in Figure 8 . In addition, when the force affecting the projectile is maximum, the velocity also becomes maximum. If the winding energy is not cut off after the projectile reaches its maximum, then the magnetic force applied to the projectile becomes maximum in the opposite direction as shown in Figure 9 .
Magnetic flux lines and the magnetic flux density are also examined in the reluctance launcher system model. Figure 10 shows the distribution of the magnetic lines when the projectile reaches maximum velocity and Figure 11 shows the magnetic flux density for the same situation. Figure 12 shows that coil flux is at maximum when the projectile reaches the maximum velocity. At that point the value of the coil flux is 0.29 Webers.
Experimental work
A reluctance launcher system with three windings is realized for experimental studies. The system has five main parts which are the mechanical structure, the power supply, the control unit, the driver unit and the velocity measurement system.Three windings are shown in Figure 13 . The mechanical structure consists of three windings, three optical sensor pairs at the entrance of the each winding, and two optical sensor pairs 18 cm away from each other to measure the projectile velocity. The windings are constructed from 0.8 mm 2 wires wound for 540 turns. The lengths of the windings is 8 cm, the inner gap is 20 mm, and the height is 5 mm. Dimensions of the mechanical part of the system are shown in Figure 14 . The power supply of the system consists of eight 2700 µ F capacitors and launching is done by charging these capacitors. The control unit includes IGBT driver circuits. Triggering signals of the IGBTs are generated by using signals obtained from the optical sensors. The driver unit has three IGBTs and snubber circuits. The related winding is energized via IGBTs, which are taken into transmission mode for a necessary duration by using the IGBT triggering signals obtained from the control unit.
A circuit schema of the reluctance launcher is shown in Figure 15 . The photo transistor is in active-state when there are no projectiles between the optical sensor pair. In this case zero voltage is seen on the driver input and the IGBT does not switch to the active state because of zero volts on the driver output. When the projectile passes through the optical sensor pair, it prevents light and the photo transistor switches to the cut-off state. In this situation, the supply voltage is applied to the input of the driver, and it is also applied to the IGBT's gate from the output of the driver. Then the IGBT switches to the active state and collector-emitter path is short-circuited. The coil is the load in the collector-emitter circuit. When the collector-emitter is shortcircuited, eight 200-V charged, parallel connected 2700 µ F/500 V capacitors are also short-circuited through the coil. A magnetic field is induced by the current flowing through the coil. When the projectile prevents the sensor, it is close to the coil and enters the attraction zone of the coil. Therefore it is pulled to the center of the coil with the effect of the induced magnetic field. When the projectile gets to the center of the coil, it gets out of the way of the sensors and the transistor switches to the active state. Thus the system gets to the initial state and the IGBT switches to the cut-off state. The energy applied to the coil is interrupted, but it does not decrease immediately. The inductive current keeps flowing through. This energy is discharged by the diode and the resistance, which are parallel connected to the coil. The velocity measurement system measures the muzzle velocity of the projectile by using the optical sensors positioned for velocity measurement. A block diagram of the velocity measurement part is shown in Figure 16 . The velocity measurement system consists of four different parts: optical sensors, microcontroller, serial port communication interface, and software. The velocity measurement system was implemented using the interrupt mode of the PIC16F876 microcontroller. The signal that is produced while the projectile is getting through the sensors was applied to the microcontroller. The time between two signals is calculated using the internal counter (TMR1). TMR1 consists of two 8-bit registers that are both readable and writable and are called TMR1H and TMR1L. Then the velocity can be calculated in m/s by dividing the distance between the sensors (18 cm).The movement of the projectile is sensed by the sensors, the signal produced by two separate sensor pairs has two rising edges, and it is applied to the microcontroller. The microcontroller calculates the duration of the projectile transition between two sensor pairs with a counter. This time information is transferred to the computer via a serial port interface. The software, written in Visual Basic programming language, calculates the velocity by dividing the distance between two sensors by the calculated time.
Nine projectiles were constructed in three different lengths from three different materials to be launched by the system. The first material is known as transmission steel in industry with the code 1020. The second material is known as construction steel with the code 1050. Finally, the third material is known as automat steel with the code 12L14. Figure 17 shows the projectiles used. Dimensions of the projectiles are shown in Table 2 . Table 3 shows the codes of the materials used in standards of other countries. Transmission steel gets its name from the carbon percentage it contains. It contains 0.20% of carbon, which gives it the code name 1020. Similarly, construction steel contains 0.50% carbon, and thus is named 1050. Automat steel also includes lead among carbon and other elements. Table 4 shows the chemical contents of the projectile materials [19] . Carbon percentage is between 0.18% and 0.25% for AISI 1020 steels. All the steels that have a carbon percentage between these values are called 1020 steel. This difference in carbon percentage depends on the manufacturer itself. The rest of the compounds in all steel types is iron. 1020 has the highest iron rate and then comes 1050 and 12L14 in that order. 
Experimental results
First of all, projectiles of length 4 cm, 6 cm, and 8 cm constructed from 1020 material were launched at voltage levels between 50 and 200 V. Figure 18 shows the velocities of the projectiles.
Then projectiles of length 4 cm, 6 cm, and 8 cm constructed from 1050 material were launched at voltage levels between 50 and 200 V. Figure 19 shows the velocities of the projectiles. Finally projectiles with the same lengths constructed from 12L14 material were launched at voltage levels between 50 and 200 V. Figure 20 shows the velocities of the projectiles.
When Figures 18, 19 , and 20 are compared, it can be seen that the 4-cm-length projectile is slower than the other projectiles at lower voltage levels. When the applied voltage increases, the 4-cm projectile has a higher velocity than the other projectiles and it reaches the maximum velocity at 200 V. This can be explained by the acceleration expression in Eq. (11) . Acceleration of the projectile is directly proportional to the square of the current flowing through the coil and reversely proportional to the mass of the projectile. Because the current will be small at low voltage levels, the latter effect will be higher than the former and the projectile velocity will be relatively small. When the applied voltage increases, the current flowing through the coil also will increase. The effect of the increase in current will be higher than that of the decrease in the projectile mass and then velocity will increase too.
Using these velocity results, the velocities of the projectiles constructed from various materials should be summarized together. Figure 21 shows the velocities of 4-cm-length projectiles with different materials, Figure  22 shows the velocities of 6-cm-length projectiles with different materials, and Figure 23 shows the velocities of 8-cm-length projectiles with different materials. When we examine Figures 21, 22 , and 23, it can be seen that projectiles constructed with 1020 material have higher velocities at lower voltages and have minimum velocities at 200 V. This is because of the lower magnetic fields at lower voltage levels. It can be understood from Figure 24 that 1020 has a high permeability when the magnetic field is low. Then when a higher voltage is applied, a higher magnetic field occurs and 1020's permeability becomes lower than the others. Muzzle velocity is directly proportional to the permeability. Thus, at lower magnetic field levels (lower voltage levels), projectiles constructed from 1020 will have higher velocities and vice versa.
Velocities at 200 V are shown in Figure 25 . The 4-cm-length projectiles reach the highest velocity among three different-length projectiles in each of the three materials. This is consistent with the acceleration expression in Eq. (11) because the acceleration is reversely proportional to the projectile mass. The lightest projectile should be the fastest one. If the projectile length is increased while the other parameters are held constant, projectiles get slower. When we consider the material type, the fastest projectiles are those constructed from 1050. 12L14 projectiles are slower than 1050 projectiles, and the slowest projectiles are the ones constructed from 1020. This is because of the difference in relative permeabilities of the three materials. The launcher has 540 turns and a current of 50 A flows through it. Then the applied magnetic field intensity becomes 27000 At/m. All of the three materials are saturated at 27000 At/m as shown in Figure 24 . In order to generate a high force, the linear reluctance accelerator must be operated in the saturation zone [20] . Figure 24 shows the B-H curves for AISI 1020, AISI 1050, and AISI 12L14 [21] [22] [23] . When these curves are studied, permeabilities of the projectiles 1020, 12L14, and 1050 decrease respectively at magnetic flux values between 0 T and 0.3 T. Between 0.3 T and 1.6 T permeabilities decrease in the order 12L14, 1020, and 1050. All three materials saturate at magnetic flux densities greater than 1.6 T. Permeabilities of 1050, 12L14, and 1020 at saturation decrease. Permeability of the material at saturation must be high to have a high muzzle velocity.
The reluctance launcher is an energy conversion system. It converts electrical energy to mechanical energy. Electrical energy stored in capacitors is short-circuited by the coil and converted to magnetic energy, and then the projectile is fastened with this magnetic energy. Thus the magnetic energy is finally converted to mechanical energy. To calculate the efficiency, output energy is divided by input energy. Output of the electromagnetic launcher system is the kinetic energy of the projectile where the input of it is the electrical energy stored in the capacitors. The efficiency of the electromagnetic launcher is given in Eq. (15) [24] .
where E k is the kinetic energy of the projectile, E e is the electrical energy stored in the capacitors, m is the mass of the projectile, v is the muzzle velocity, C is the total capacity of the capacitors, and U is the charging voltage. Table 5 shows the masses, muzzle velocities of the projectiles, and the efficiency values. The highest efficiency value (3.01%) is obtained with the 8-cm 1050 projectile. If the efficiency is evaluated according to the projectile length, we see that efficiency increases when projectile length increases without taking projectile material into account. This is because of the increase in the kinetic energy of the projectile due to the increase in the mass of the projectile. If the efficiency is evaluated according to the projectile material, then it can be seen that the efficiency of 1050 projectiles is the highest. Then 12L14 and 1020 projectiles come in that order. Efficiency is one of the several important parameters that characterize the performance of a system. As a result, the 4-cm-length projectile constructed from 1050 material has the highest velocity at 200 V. Velocity and mass of the projectile are reversely proportional. Velocity will decrease due to the increasing mass, as the length of the launched projectile increases. The projectiles that have high relative permeability will have higher velocities. The most efficient launch operation is obtained at 200 V with the 8-cm-length projectile constructed from 1050 material. Efficiency increases with the mass due to the increasing kinetic energy.
Conclusions
When the theoretical and experimental results are compared, it can be seen that the results are consistent with each other. The maximum velocity is achieved using projectiles built from 1050 material; then comes 12L14 and 1050 in that order in both of the studies in terms of the projectile material. The results are also consistent in terms of the projectile length. The 4-cm-length projectile reaches the maximum velocity and the velocity decreases as the length increases.
In this study, a novel result compared to the results of the past studies [13, 15, 24] has also been obtained.
In [15] , it was concluded that the maximum velocity is achieved when the projectile length is equal to the coil length. However, our study implies both theoretically and experimentally that the maximum velocity is achieved at a projectile length that is half the coil length. Also in [15] , the current applied to the coil is 1000 A whereas in our study it is 50 A. Therefore, an acceptable velocity is achieved at a significantly small current value. In [13] , a 40,000 µF capacitor is charged with a voltage of 104 V and a velocity of 21.5 m/s is obtained where the efficiency of the system is 2%. In our study, the efficiency is 3.01%. In [24] , a 600-V reluctance launcher is used where the maximum velocity and the maximum efficiency are 52.1 m/s and 2.87%, respectively. When compared to our study it is obvious that the voltage is high and the efficiency is low.
As a result, an easy-to-use, low-cost, portable, and structurally simple reluctance launcher that can be operated in relatively low voltage levels compared to the past studies was realized in this study.
